The nuclear receptors LXR␣ and LXR␤ have been implicated in the control of cholesterol and fatty acid metabolism in multiple cell types. Activation of these receptors stimulates cholesterol efflux in macrophages, promotes bile acid synthesis in liver, and inhibits intestinal cholesterol absorption, actions that would collectively be expected to reduce atherosclerotic risk. However, synthetic LXR ligands have also been shown to induce lipogenesis and hypertriglyceridemia in mice, raising questions as to the net effects of these compounds on the development of cardiovascular disease. We demonstrate here that the nonsteroidal LXR agonist GW3965 has potent antiatherogenic activity in two different murine models. In LDLR ؊͞؊ mice, GW3965 reduced lesion area by 53% in males and 34% in females. A similar reduction of 47% was observed in male apoE ؊͞؊ mice. Long-term (12-week) treatment with LXR agonist had differential effects on plasma lipid profiles in LDLR ؊͞؊ and apoE ؊͞؊ mice. GW3965 induced expression of ATP-binding cassettes A1 and G1 in modified low-density lipoprotein-loaded macrophages in vitro as well as in the aortas of hyperlipidemic mice, suggesting that direct actions of LXR ligands on vascular gene expression are likely to contribute to their antiatherogenic effects. These observations provide direct evidence for an atheroprotective effect of LXR agonists and support their further evaluation as potential modulators of human cardiovascular disease. R ecent work has identified the nuclear receptors LXR␣ and LXR␤ as central regulators of lipid homeostasis. The physiologic ligands for these receptors are likely to be specific intermediates in the cholesterol biosynthetic pathway such as 24(S),25-epoxycholesterol (1-3). LXR␣ is expressed primarily in liver, intestine, adipose tissue, and macrophages, whereas LXR␤ is expressed in many cell types (4). In peripheral cells such as macrophages, LXRs seem to coordinate a physiologic response to cellular cholesterol loading. LXRs directly control transcription of several genes involved in the cholesterol efflux pathway, including ATP-binding cassette (ABC) A1 (5-8), ABCG1 (9), and apolipoprotein E (apoE) (10). In the intestine, ligand activation of LXR͞RXR heterodimers dramatically reduces dietary cholesterol absorption, an effect postulated to be mediated by ABCA1 (6).
The nuclear receptors LXR␣ and LXR␤ have been implicated in the control of cholesterol and fatty acid metabolism in multiple cell types. Activation of these receptors stimulates cholesterol efflux in macrophages, promotes bile acid synthesis in liver, and inhibits intestinal cholesterol absorption, actions that would collectively be expected to reduce atherosclerotic risk. However, synthetic LXR ligands have also been shown to induce lipogenesis and hypertriglyceridemia in mice, raising questions as to the net effects of these compounds on the development of cardiovascular disease. We demonstrate here that the nonsteroidal LXR agonist GW3965 has potent antiatherogenic activity in two different murine models. In LDLR ؊͞؊ mice, GW3965 reduced lesion area by 53% in males and 34% in females. A similar reduction of 47% was observed in male apoE ؊͞؊ mice. Long-term (12-week) treatment with LXR agonist had differential effects on plasma lipid profiles in LDLR ؊͞؊ and apoE ؊͞؊ mice. GW3965 induced expression of ATP-binding cassettes A1 and G1 in modified low-density lipoprotein-loaded macrophages in vitro as well as in the aortas of hyperlipidemic mice, suggesting that direct actions of LXR ligands on vascular gene expression are likely to contribute to their antiatherogenic effects. These observations provide direct evidence for an atheroprotective effect of LXR agonists and support their further evaluation as potential modulators of human cardiovascular disease. R ecent work has identified the nuclear receptors LXR␣ and LXR␤ as central regulators of lipid homeostasis. The physiologic ligands for these receptors are likely to be specific intermediates in the cholesterol biosynthetic pathway such as 24(S), 25-epoxycholesterol (1-3) . LXR␣ is expressed primarily in liver, intestine, adipose tissue, and macrophages, whereas LXR␤ is expressed in many cell types (4) . In peripheral cells such as macrophages, LXRs seem to coordinate a physiologic response to cellular cholesterol loading. LXRs directly control transcription of several genes involved in the cholesterol efflux pathway, including ATP-binding cassette (ABC) A1 (5-8), ABCG1 (9), and apolipoprotein E (apoE) (10) . In the intestine, ligand activation of LXR͞RXR heterodimers dramatically reduces dietary cholesterol absorption, an effect postulated to be mediated by ABCA1 (6) .
In the liver, LXRs seem to regulate both cholesterol and fatty acid metabolism. Mice carrying a targeted disruption of the Lxr␣ gene fail to induce transcription of the gene encoding cholesterol 7␣-hydroxylase (CYP7A1) in response to dietary cholesterol, implicating LXRs in the control of bile acid synthesis (11) . Mice lacking LXR␣ were also observed to be deficient in expression of fatty acid synthase, steroyl-coA desaturase 1, acyl-coA carboxylase, and sterol regulatory element binding protein-1, suggesting an additional role in lipogenesis. This hypothesis was supported by the subsequent demonstration that the synthetic LXR ligand T1317 induces expression of lipogenic genes and raises plasma triglyceride levels in mice (12) . The recent observation that both the sterol regulatory element binding protein-1c and fatty acid synthase promoters are direct targets for LXR͞RXR heterodimers provides a potential mechanism for these effects (13) (14) (15) . Hepatic cholesterol ester transfer protein and lipoprotein lipase expression are also regulated by LXRs (16, 17) .
The ability of LXR-signaling pathways to have an impact on multiple aspects of systemic lipid metabolism makes the long-term effects of synthetic LXR agonists difficult to predict. On the one hand, the promotion of reverse cholesterol transport and inhibition of intestinal cholesterol absorption would be expected to reduce atherosclerotic risk. On the other hand, elevation of plasma triglyceride levels would be expected to have unfavorable effects on the development of metabolic disease. Indeed, significant controversy exists as to whether LXR agonists or antagonists would be the more useful agents for the modulation of human lipid metabolism (6, 8, 12) . In the present study, we have analyzed the effect of a synthetic LXR ligand in two different murine models of atherosclerosis. Chronic administration of GW3965 significantly reduced atherosclerosis in both LDLR Ϫ͞Ϫ mice and apoE Ϫ͞Ϫ mice, providing direct evidence for an atheroprotective effect of LXR agonists. These observations suggest that LXR ligands may represent promising agents for intervention in human cardiovascular disease. Histology and Lesion Analysis. For en face analysis, mice were euthanized and the aorta dissected out, opened longitudinally from heart to the iliac arteries, and stained with Sudan IV to determine lesion area (21) . Images were captured by use of a Sony 3-CCD video camera and analyzed by a single technician who was blinded to the study protocol and used IMAGEPRO image analysis software. The extent of lesion formation is expressed as the percentage of the total aortic surface area covered by lesions. Atherosclerotic lesions at the aortic valve were analyzed as described (22) . The upper portion of the heart and proximal aorta were obtained, embedded in OCT compound (Fisher, Tustin, CA), and stored at Ϫ70°C. For LDLR Ϫ͞Ϫ mice, serial 10-m-thick cryosections of aorta, beginning at the aortic root, were collected for a distance of 400 m. For apoE Ϫ͞Ϫ mice, 4-m sections were analyzed for a distance of 600 m. Sections were stained with Oil Red O and hematoxylin. The lipid-staining areas on 25 sections were determined in a blinded fashion by light microscopy. The mean value of lesion area of aortic wall per section was then calculated. Comparisons between control and treated mice were made by using the Student t test for independent samples (two-tailed) and ANOVA. Immunohistochemical analyses of atherosclerotic lesions in the aortic root were performed as described (23) . In brief, 10-m-thick cryosections were fixed in acetone and incubated with rabbit polyclonal antibody to mouse ABCA1 (a gift of O. Francone, Pfizer) (24), rat monoclonal antibody to mouse macrophages (MOMA-2, Accurate Chemicals), or control rabbit IgG, followed by incubation with biotinylated anti-rabbit or antirat secondary antibodies. Signals were detected with peroxidase chromogen and alkaline phosphatase, respectively (Vector Laboratories).
Results
Previous work has identified LXRs as mediators of the effects of oxysterols on ABCA1, ABCG1, and apoE expression in macrophages. The synthetic LXR ligands T1317 and GW3965 have also been shown to induce expression of these genes (6, 9, 10, 19) . However, the impact of LXR ligands on lipid-loaded macrophages that already contain high levels of LXR activators has not been explored. In theory, for synthetic agonists to exhibit utility for the promotion of cholesterol efflux from lipid-loaded cells, they must be more efficacious than the endogenous ligands present in such cells. As shown in Fig. 1A , GW3965 was significantly more effective than acetylated low-density lipoprotein (LDL) in inducing ABCA1 expression in thioglycolate-elicited murine peritoneal macrophages. Moreover, both GW3965 and the structurally unrelated agonist T1317 were able to induce expression of the LXR target genes ABCA1, ABCG1, and apoE further in cells that had been preloaded with acetylated LDL (Fig. 1B) . This observation suggests that it may be possible to promote LXR target gene expression and cholesterol efflux from highly lipid-loaded macrophages in the context of an atherosclerotic lesion.
The influence of GW3965 on the development of atherosclerosis was analyzed in both LDLR Ϫ͞Ϫ and apoE Ϫ͞Ϫ mice. In the first study, LDLR Ϫ͞Ϫ mice of 12 weeks of age were fed an atherogenic high-fat diet for 12 weeks. One group received high-fat diet alone, one group received a high-fat diet containing 1 mpk GW3965, and one group received a high-fat diet containing 10 mpk GW3965. The 10-mpk dosing regimen was determined to result in plasma drug concentrations between 200 and 400 nM (EC 50 on LXR␣ ϭ 190 nm). No difference occurred in body weight or food consumption between groups (Table 1) . After 12 weeks, mice treated with GW3965 showed a significant decrease in total cholesterol and unesterified cholesterol compared with controls (Table 1) . Total cholesterol was also significantly reduced in the group receiving 1 mpk GW3965. In contrast to short-term treatment (data not shown), plasma triglycerides and high-density lipoprotein (HDL) cholesterol were not different from control after chronic treatment with LXR agonist. This observation is consistent with previous work in C57BL͞6 mice showing that the marked hypertriglyceridemia induced by LXR ligands is largely transient (15) .
Atherosclerotic lesions in LDLR Ϫ͞Ϫ mice were quantified by en face analysis (21) of aortas after 12 weeks on a high-fat diet in the presence or absence of LXR agonist. Quantification of Sudan IV-stained en face preparations of aortas revealed a dosedependent reduction in atherosclerosis in mice treated with GW3965. In male mice, the group receiving 1 mpk GW3965 showed a slight decrease in lesion area compared with controls (25%) that did not reach statistical significance (P Ͻ 0.28) (Fig. 2) . However, male mice receiving 10 mpk GW3965 showed a statistically significant (P Ͻ 0.01) 50% reduction in average lesion area (Figs. 2 and 3) compared with control mice. A similar reduction of 35% was observed in female mice receiving 10 mpk GW3965 (Fig. 2 , P Ͻ 0.01). To document further the effects on atherosclerosis, aortic root sections from male LDLR Ϫ͞Ϫ mice were analyzed. Quantification of lesions after Oil Red O staining again revealed a statistically significant 35% reduction in lesion area in the animals treated with 10 mpk GW3965 compared with controls (P Ͻ 0.005, Fig. 4A ).
The influence of LXR agonists on the development of atherosclerosis was also analyzed in apoE Ϫ͞Ϫ mice. In comparison with LDLR Ϫ͞Ϫ mice, apoE Ϫ͞Ϫ mice develop atherosclerosis on a normal chow diet and have a distinct lipoprotein profile (25) . The apoE gene itself has also been an LXR target gene in macrophages (10) . Male apoE Ϫ͞Ϫ mice of 12 weeks of age were maintained for 12 weeks on either normal chow diet or normal chow diet containing 10 mpk GW3965. Plasma levels of GW3965 were monitored throughout the study and averaged between 200 and 400 nM (data not shown). At the end of the study, plasma total cholesterol levels and HDL cholesterol were not different between groups (Table 2 ). However, very-low-density lipoprotein cholesterol was reduced, and triglycerides were significantly increased. Atherosclerotic lesion area in aortic root sections was quantitated after Oil Red O staining. As shown in Fig. 4B , apoE Ϫ͞Ϫ mice receiving LXR agonist showed a 47% reduction in lesion area (P Ͻ 0.005) compared with control mice. Thus, GW3965 inhibits the development of atherosclerosis in two distinct murine models. These data indicate that apoE expression is not required for the antiatherogenic effects of LXR agonists.
The effect of chronic LXR agonist administration on target gene expression in liver and small intestine of apoE Ϫ͞Ϫ mice was analyzed by real-time quantitative PCR (Taqman) assays. As shown in Fig. 5A , treatment with GW3965 led to a significant induction in hepatic CYP7A expression in liver that persisted after 4 weeks. Consistent with previous work, liver expression of ABCA1 and ABCG1 was minimally affected by LXR agonist treatment. In the intestine, strong induction of ABCA1 and ABCG1 was observed in response to GW3965, although the magnitude of the induction seemed to decline with time ( Fig.   Fig. 2 . GW3965 inhibits the development of aortic lesions in LDLR Ϫ͞Ϫ mice. Atherosclerotic lesions were quantitated by en face analysis (see Materials and Methods). n ϭ 9 per group. Data expressed as mean Ϯ SEM. * , P Ͻ 0.05; ** , P Ͻ 0.005. N ϭ 9 per group. 5B). Indeed, after 12 weeks, only modest differences in targetgene expression were found between control and treated groups. Similar declines in target-gene expression with time were observed in C57bl͞6 and LDLR Ϫ͞Ϫ mice (data not shown). These observations suggest that tolerance or compensation may occur with chronic GW3965 administration.
The marked reduction in atherosclerosis observed in mice treated with GW3965 despite modest changes in plasma lipoprotein levels suggests that the mechanism of this effect may involve direct effects on cells of the artery wall in addition to effects in liver and intestine. Although previous work has documented the expression of ABCA1 mRNA in macrophages, expression of this protein in cells of the artery wall has not been examined. We therefore analyzed expression of ABCA1 protein in atherosclerotic lesions. Immunostaining of aortic root sections from LDLR Ϫ͞Ϫ mice with purified anti-mouse ABCA1 antibody (24) revealed significant protein expression that largely colocalized with expression of the macrophage marker MOMA-2 (Fig. 6) . In contrast, no macrophage staining was observed with control rabbit antibody.
Finally, we investigated the ability of GW3965 to regulate expression of cholesterol efflux genes in the aortas of apoE Ϫ͞Ϫ mice. As shown in Fig. 7A , treatment of apoE Ϫ͞Ϫ mice for 4 days with 10 mpk GW3965 led to an induction of ABCA1 and ABCG1 expression in the small intestine, but had no effect on expression of LXR␣ itself. A significant induction of ABCA1 and ABCG1 was also observed in the atherosclerotic aortas of apoE Ϫ͞Ϫ mice (Fig. 7B) . In contrast, expression of LXR␣ and CD68 was not different between control and treated mice. Thus, LXR agonist was able to induce aortic expression of ABCA1 and ABCG1 further despite the presence of baseline hyperlipidemia and atherosclerosis. The ability of GW3965 to induce ABCA1 expression in lipid-loaded macrophages in vitro, the expression of LXR␣ and ABCA1 protein in macrophage-derived foam cells, and the induction of ABCA1 expression in the aortas of treated mice collectively suggest that direct effects of LXR agonists on cells of the artery wall may contribute to their antiatherogenic effects.
Discussion
The recent characterization of LXR␣ and LXR␤ as regulators of cholesterol absorption and reverse cholesterol transport has generated widespread interest in the development of synthetic LXR ligands as therapeutics. However, the observation that short-term treatment with an LXR ligand stimulates hepatic lipogenesis and raises triglyceride levels has raised questions as to whether LXR agonists or antagonists might be the more useful drug. The effects of chronic LXR agonist administration on lipid metabolism and the development of atherosclerosis have not been addressed previously. We have shown here that the synthetic nonsteroidal LXR agonist GW3965 inhibits the development of atherosclerotic lesions in two distinct murine models. A reduction in lesion area of approximately 50% was observed in both LDLR Ϫ͞Ϫ and apoE Ϫ͞Ϫ male mice treated with GW3965. These observations provide direct evidence for an atheroprotective effect of LXR agonists.
The reduction in atherosclerosis observed in LDLR Ϫ͞Ϫ mice was accompanied by modest (Ϸ20%) reductions in total cholesterol, but no significant change in HDL levels. Although it is likely that alterations in plasma lipid profiles may contribute to 
Fig. 4.
GW3965 inhibits the development of aortic root lesions in LDLR Ϫ͞Ϫ mice and apoE Ϫ͞Ϫ mice. n ϭ 7 for LDLR Ϫ͞Ϫ and n ϭ 8 for apoE Ϫ͞Ϫ . the beneficial effects of LXR agonist in this study, the magnitude of the changes would seem to be insufficient to explain a 50% reduction in lesions. In apoE Ϫ͞Ϫ mice, total cholesterol levels and HDL cholesterol were unchanged, whereas triglycerides were mildly increased. Despite this less favorable lipid profile, apoE Ϫ͞Ϫ mice also showed a substantial reduction in atherosclerosis in response to GW3965. Although previous work has shown that LXR ligands reduce cholesterol absorption (6), the mechanism behind this effect is not entirely clear. Studies on ABCA1 knockout mice have reported that loss of this protein does not alter cholesterol or bile acid excretion (26) . Other studies have shown that the lipoproteins primarily affected by loss of ABCA1 expression on Western diet are HDL and very-low-density lipoprotein (27) . Thus, the effects of LXR ligands on cholesterol absorption and lipoprotein metabolism are likely to involve additional target genes, perhaps including ABCG1, ABCG5, or ABCG8 (28).
Our observations suggest that direct effects of LXR ligands on macrophages within the artery wall contribute to their anitatherogenic effects. Consistent with this hypothesis, we have shown that reduction of atherosclerosis in hyperlipidemic mice correlates with the induction of genes involved in reverse cholesterol transport in multiple tissues. In addition to inducing ABCA1 expression in intestine, GW3965 also induced ABCA1 and ABCG1 expression in the atherosclerotic aortas of apoE Ϫ͞Ϫ mice. These results suggest that in addition to altering cholesterol absorption from the diet, LXR agonists may promote cholesterol efflux from lipid-loaded macrophages within atherosclerotic lesions. This hypothesis is supported by data showing that GW3965 can stimulate ABCA1 expression in macrophages preloaded with modified LDL in vitro. The studies in apoE knockout mice demonstrate that the ability of LXR agonists to reduce lesion formation does not depend on their ability to regulate macrophage apoE expression. However, recent studies indicate that LXR ligands induce expression of multiple other apolipoproteins in macrophages that may also function as cholesterol acceptors in the context of an atherosclerotic lesion (A. Mak, B.A.L., S.B.J., P.T., and P. Edwards, manuscript in preparation). Further investigation will be required to define precisely the mechanism of action of LXR agonists on atherosclerosis in the apoE Ϫ͞Ϫ and LDLR Ϫ͞Ϫ models. Ligands for two other nuclear receptors, PPAR␥ and RXR, have also been shown to inhibit the development of atherosclerosis in LDLR Ϫ͞Ϫ and apoE Ϫ͞Ϫ mice (21, 29, 30) . Recent work suggests that the mechanisms of action of PPAR␥, RXR, and LXR agonists may overlap. Studies have shown that RXR ligands are capable of activating LXR͞RXR heterodimers both in vitro and in vivo. Accordingly, RXR agonists are effective inducers of ABCA1 and ABCG1 expression in macrophages and intestine (6, 8, 10) . In addition, the LXR␣ gene has been shown to be a direct transcriptional target of PPAR␥. Studies suggest that PPAR␥ ligands can modulate ABCA1 expression and cholesterol efflux in macrophages indirectly by increasing LXR␣ expression (31, 32) . However, our results differ from previous studies with PPAR␥ agonists in that atherosclerosis was reduced in both male and female mice with GW3965. PPAR␥ agonists are also likely to have antiatherogenic effects that are independent of LXR, such as the ability to improve insulin resistance Fig. 7 . GW3965 induces expression of ABCA1 and ABCG1 in the atherosclerotic aortas of apoE Ϫ͞Ϫ mice. Aorta and small intestines (n ϭ 3) were isolated from apoE Ϫ͞Ϫ mice of 8 months of age after 4 days of treatment with 10 mpk vehicle or GW3965. Gene expression was measured by real-time quantitative PCR (Taqman) assays. Data are presented as mRNA expression relative to vehicle control.
